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Abstract
The Prolyl hydroxylase 1 (EGLN2) is known to affect tumorigenesis by regulating the degradation of hypoxia-inducible factor (HIF). Polymorphisms in EGLN2 may facilitate cancer cell survival under hypoxic conditions and directly associate with cancer susceptibility. Here, we examined the contribution of a 4-bp insertion/deletion polymorphism (rs10680577) within the distal promoter of EGLN2 to the risk of hepatocelluar carcinoma (HCC) in Chinese populations. The contribution of rs10680577 to HCC risk was investigated in 623 HCC cases and 1242 controls and replicated in an independent case-control study consisting of 444 HCC cases and 450 controls. Logistic regression analysis showed that the deletion allele of rs10680577 was significantly associated with increased risk for HCC occurrence in both case-control studies (OR=1.40; 95%C.I.=1.18-1.66, P<0.0001; OR=1.49; 95%C.I.=1.18-1.88, P=0.0007). Such positive association was more pronounced in current smokers (OR=3.49, 95%C.I.=2. 24-5.45 ) than non-smokers (OR=1.24, 95%C.I.=1.03-1.50) (heterogeneity P=0.0002). Genotype-phenotype correlation studies demonstrated that the deletion allele was significantly correlated with higher expression of both EGLN2 and RERT-lncRNA (a long non-coding RNA whose sequence overlaps with Ras-related GTP-binding protein 4b (RAB4B) and EGLN2) in vivo and in vitro. Furthermore, RERT-lncRNA expression was also significantly correlated with EGLN2 expression in vivo, consistent with in vitro gain-of-function study that showed overexpressing RERT-lncRNA up-regulated EGLN2. Finally, in-silico prediction suggested that the insertion allele could disrupt the structure of
Introduction
Hepatocelluar carcinoma (HCC) is the most common primary malignancy of liver in adults and the third leading cause of cancer-related mortality (1) . More than 80% HCC cases are found in Asia and Africa, and over 50% of such cases are from mainland China (2) . It is well-established that hepatocarcinogenesis is a complicated process and that multiple risk factors are involved in its initiation, promotion and progression (3, 4) . Although much effort has been put in to study the carcinogenesis of HCC in recent years, the molecular mechanisms of HCC remain poorly understood (5) . As one of the important carcinogens for HCC, hepatitis infection has become a significant public health problem in most Asian populations, and much is known about the mechanisms through which hepatitis influences HCC risk (6) . Besides hepatitis infection, compelling evidence suggests the involvement of host genetic factors in HCC carcinogenesis (3) . Thus, it is of particular interest in identifying HCC susceptibility genes, which will definitely benefit the prediction of HCC risks, and the exploration of approaches to prevent HCC carcinogenesis.
Hypoxia has now been recognized as one of the best validated target in controlling tumor progression and resistance to therapy (7) (8) , in which hypoxia-inducible factor (HIF), a transcription factor that regulates oxygen homeostasis, plays key roles in balancing O 2 homeostasis (9). HIF regulates a program of gene expression that facilitates cell survival under hypoxic conditions through cell-intrinsic changes in metabolism and cell-extrinsic changes affecting oxygen delivery. Prolyl hydroxylases (PHD1, also known as EGLN2) is one of the three enzymes capable of hydroxylating the alpha subunit of HIF and results in polyubiquitinylation and proteasomal degradation of HIF (10) . Several lines of evidence have indicated that EGLN2 is involved in development of multiple cancers (11) (12) (13) (14) . Whether EGLN2 promotes or suppresses tumorigenesis depends on its cell and cancer type-specific expression (15) .
In terms of HCCs, low EGLN2 expression is associated with poor prognosis (16) . In the current case control study, by using a candidate-gene-based approach, we evaluated the association between a 4-bp indel (rs10680577) within the distal promoter of EGLN2 and HCC susceptibility in Chinese populations. Additional experimental and in-silico studies were used to assess the possible functional significance of this polymorphism.
Materials and methods

Study populations
Our study included two independent case-control sets including 1067 newly Institute of Jiangsu Province from 2008 to 2010. All patients had never received any medical treatments. The diagnosis of the cases, the inclusion and exclusion criteria for the cases and controls were described in detail previously (17) (18) (19) . Briefly, the diagnosis of patients was validated by combinations of pathological examination and positive imaging (i.e. Magnetic resonance imaging and/or computerized tomography).
A total of 1692 controls, 1242 from Suzhou and 450 from Shanghai case control set, were selected with comparable age and sex with HCC cases. These cancer-free individuals were obtained from a community nutritional survey that was conducted in the same regions during the same period as the recruitment of cancer patients. After obtaining informed consents from each individual, we extracted genomic DNA from the peripheral blood of cases and controls. All participants were negative for antibodies to hepatitis C virus, hepatitis D virus or HIV. Each subject was interviewed in-person using a structured questionnaire to obtain information on demographic data and related risk factors, including smoking and drinking status. The "current smokers"
were individuals who had kept smoking almost every day for more than one year till the time of interview; and the "former smokers" were those who experienced the same degree of smoking as the "current smokers", but stopped smoking at least one year prior to the interview; the non-smokers were those either never smoked or seldom did.
Subjects were considered as "light drinkers", if they consumed 1-2 alcohol drinks per week for more than one year. Those who consumed more than 2 alcohol drinks per week for more than one year were categorized as "heavy drinkers". "Non-drinkers" were those either never drank or seldom did. 
DNA extraction and genotyping
Genomic DNA of blood samples, HCC tumor tissues and cell lines were extracted using genomic DNA purification kit (Qiagen). DNA fragments containing rs10680577 were amplified with genotyping primers (genotyping-F and genotyping-R) listed in supplemental Table 1 . Genotyping was performed without knowledge of case or control status as previously described (17) . To validate the genotyping method, we also analyzed 50 randomly selected DNA samples by direct sequencing; the results for these two methods were 100% concordant. Approximately 10% of the case and control samples were randomly selected and tested in duplicate by independent technicians, with 100% concordance of results.
EGLN2 promoter-reporter constructs
To investigate the influence of rs10680577 on EGLN2 promoter activity, a genomic region from -1724 to +46 relative to the transcriptional start site of EGLN2 was amplified with primers clone-F and clone-R as listed in supplemental Table 1 from a homozygous human genomic DNA sample containing a "TACT" insertion. The PCR products were separated in 1% agarose gel and extracted, purified, and cloned using TA cloning Kit (Cat # A1360, Promega). The insert containing "TACT" was confirmed by direct sequencing. Fragments were digested with Hind III and Bgl II, and subcloned into pGL3-basic vector (Cat # E1751, Promega). To obtain the same promoter sequence with a different allele of rs10680577, another allele was generated using QuikChange ® Lightening Site-Directed Mutagenesis Kit (Cat # 210518, Stratagene) with mutagenesis primers (mutagenesis-F and mutagenesis-R as listed in supplemental Table 1 ). The resulting constructs were verified by direct sequencing.
Cell culture and luciferase reporter assay
The 
In-silico prediction of rs10680577 on RERT-lncRNA folding structures
As certain conserved structures more likely serve important biological functions, a 35-bp region flanking the polymorphism was analyzed using RNAfold (20) and SNPfold (21) to predict the putative influence of rs10680577 on local folding structures of RERT-lncRNA.
Real-time RT-PCR analysis
Total RNA was isolated from tumor tissue specimens and cell lines using RNA isolation kit (Cat #74106, Qiagen). cDNA was generated using random primers and target genes and GAPDH quantity were determined by interpolating from their relative standard curves, respectively. Finally, the expression levels of target genes were normalized to internal control. To overcome the overlapping problem between the sequence of RERT-lncRNA transcript and that of RAB4B and EGLN2, a pair of specific primers (lnc-F and lnc-R) spanning "exon" 7 and "exon" 8 of the transcript was designed. Since the primers designed for RAB4B and EGLN2 overlapped with RERT-lncRNA (Supplemental Figure 1) , the relative amount of RERT-lncRNA was subtracted from RAB4B and EGLN2 expression level for each sample to further compare their expression levels between different groups. Primer sequences used for RAB4B, EGLN2, RERT-lncRNA and GAPDH were shown in supplemental Table 1 .
The 25μl total volume final reaction mixture consisted of 1 μM of each primer, 12.5
μl of Master Mix (Applied Biosystems), and 2.5μl of cDNA. The negative control experiments were performed with distilled H 2 O as template. PCR efficiencies were calculated with relative standard curves and the regression coefficients were above 0.98. In addition, the melting curve analysis was performed for the PCR products to verify primer specificity. To further validate the specificity of primers for RERT-lncRNA, we analyzed 10 randomly selected RERT-lncRNA PCR products by direct sequencing.
Western blot
Approximately 50 µg of protein extract from HCC tumor tissues and cell lines were separated on a 12% polyacrylamide gel. Proteins were transferred to a PVDF membrane (GE Healthcare) and probed with primary antibodies against EGLN2 (Cat 
Construction of RERT-lncRNA-expressing plasmids and transient transfection
For over-expression studies, the complete 2849-bp cDNA sequence of RERT-lncRNA (NR_037791) was directly synthesized by Genewiz Company (Suzhou, China) and cloned into Xhol and HindIII sites of pcDNA3.1(+) expression vector (Invitrogen).
The constructed RERT-lncRNA-pcDNA3.1(+) plasmid or empty vector pcDNA3.1(+)
were transfected into HepG2, SMMC-7721 and sk-Hep-1 cells cultured for 48 h in a six-well plate. The total RNA was then extracted to quantify expression levels of RERT-lncRNA and EGLN2. Six replicates were performed for each group each time, and each experiment was repeated at least three times.
Statistical Analysis
The genotype distribution was analyzed by Hardy-Weinberg equilibrium using χ 2 test.
Logistic regression was used to analyze the association between rs10680577 and HCC risk, adjusted by sex, age, smoking status, drinking status and HBV infection status.
In addition, stratified analysis by these common confounders was performed using binary logistic regression model. Due to the limited number of del/del genotype, they
were integrated with the ins/del group when appropriate. Student's t test was used to examine the differences in luciferase reporter gene expression. The normalized expression values of RAB4B, EGLN2 and RERT-lncRNA in tissue samples were compared using non-parametric Mann-Whitney U test. The normalized expression levels of EGLN2 and RERT-lncRNA in cell lines were compared using one way ANOVA or student's t test. Correlations were assessed using Pearson correlation coefficient. These statistical analyses were implemented in Statistic Analysis System software (version 8.0, SAS Institute). P<0.05 was used as the criterion of statistical significance. All statistical tests were two sided.
Results
The associations of rs10680577 with HCC susceptibility
The baseline characteristics of the subjects in two case control studies were listed in Figure 1D) . Together, these data demonstrated that the deletion allele of rs10680577 was significantly -15 -correlated with higher EGLN2 expression, at both mRNA and protein levels.
The influence of rs10680577 on EGLN2 promoter activity rs10680577 is located at -1641bp upstream of the transcription start site of EGLN2.
Therefore, the genotype-phenotype correlation may be mediated by a differential promoter polymorphism-associated regulatory mechanism. To test this hypothesis, reporter constructs containing either insertion or deletion allele of rs10680577 were generated using site-directed mutagenesis. They were used to examine the effect of this polymorphism on the promoter activity using a luciferase-based transient transfection system. However, in contrast with our predication, we found that there was no significant difference between the two constructs in any of the five cell lines tested (P>0.05) (supplemental Figure 3) .
In-silico analysis of rs10680577 on RERT-lncRNA folding
Next, we probed other ways through which rs10680577 could control EGLN2. We Figure 2 , the "TACT" insertion appeared to disrupt the un-basepaired region surrounded by two highly basepaired regions (usually indicative of a loop, Figure 2A and 2B).
The correlation between EGLN2 and RERT-lncRNA expression
Based on the above in-silico analysis, we then examined the expression levels of RERT-lncRNA in both HCC tissue samples and cell lines. The sequencing results confirmed that the PCR products amplified using the specific primers were identical to the sequences of RERT-lncRNA. Intriguingly, the expression level of RERT-lncRNA in Hep3B was approximately 3 fold higher than the average expression level of all other four cell lines ( Figure 3A ). As shown in Figure 3B , the expression levels of EGLN2 and RERT-lncRNA were significantly correlated in HCC tissue samples (R 2 =0.540, P<0.001). Furthermore, deletion allele carriers have significantly higher expression levels of RERT-lncRNA than deletion allele non-carriers in both HCC tissue samples and cell lines ( Figure 3C ).
RERT-lncRNA increase EGLN2 expression in vitro
To determine whether RERT-lncRNA can positively regulate EGLN2 expression, we performed in vitro RERT-lncRNA "gain of function" analysis using a transient indicates that polymorphisms could be one of the mechanisms by which disrupted structural motifs of lncRNAs leads to diseases. The use of human genetic studies on lncRNAs would help us to understand the roles of regulatory elements and to interpret the contribution of those genetic variations to the pathogenesis of cancer (27) (28) .
Based on the results of our current study, we propose that insertion allele of rs10680577 may disrupt the key regulatory region of RERT-lncRNA, resulting in its misexpression, which further alters the fine turning interactions between RERT-lncRNA and EGLN2. Indeed, our in-silico studies have provided a theoretical basis for our hypothesis. More importantly, we observed strong correlations not only between EGLN2 and RERT-lncRNA expression, but also between rs10680577 and RERT-lncRNA expression. Furthermore, in vitro gain-of-function analysis revealed that RERT-lncRNA over-expression could up-regulate EGLN2 expression, which reinforced our hypothesis. LncRNA (i.e HOTAIR) has been suggested to recruit Polycomb Repressive Complex 2 (PRC2) complex to its target genes (29) . We thus speculate that RERT-lncRNA may presumably serve as key co-activators and play an activating role by modulating the recruitment of general transcription factors on the promoter of its cognate gene, EGLN2. Indeed, this hypothesis is supported by a series of biochemical assays. For example, the Evf-2 lncRNA can form a complex with the homeodomain-containing protein Dlx2, which acts a transcriptional activator only when Evf-2 lncRNA is also present (30) . Alternatively, RERT-lncRNA may also alter chromatin structure through its own transcription since it has been shown that more than 20% of long intergenic ncRNAs associated with chromatin modifying complexes (31) . Therefore, the present study provides a novel insight into causative variations residing in lncRNAs.
Our studies indicate that deletion allele is associated (maybe in an indirect manner involving RERT-lncRNA) with higher EGLN2 expression level and would be a risk factor for HCC carcinogenesis. Higher EGLN2 expression makes cells less sensitive to hypoxia stress, leading to less HIFα stabilization and HIF activation which are detrimental for hepatic cell survival. Consequently, necrosis results in hepatic cell lysis and inflammation which would promote HCC tumorgenesis. This notion has been reinforced by the fact that Hep3B cells carrying del/del genotype do not exhibit orderly G(1)/S arrest in response to severe hypoxia (32) . In line with this evidence, it also has been demonstrated that EGLN2 -/-mice have a remarkable tolerance to ischemia and a substantially reduced exercise tolerance (33) . In addition, loss or silencing of EGLN2 makes hepatocytes less sensitive to acute hypoxia and protects them from ischemia/reperfusion damage (34).
In addition, our studies also indicate that the association between rs10680577 and HCC incidence is more prominent in current smokers. Consistent with the finding that chromosome 19q13 region covering EGLN2 has previously found to be associated with chronic obstructive pulmonary disease, and one SNP (rs7937) exceeds genome-wide significance (35) . Moreover, a SNP (rs3733829) residing in the first intron of EGLN2 has been proved to be associated with smoking behaviors (36) . It has been validated that rs10680577 has perfect linkage disequilibrium (LD) with one SNP (rs2644898) in the CHB HapMap panel (r 2 =1) (37) . Using haploview analysis, we discover that rs2644898, rs7937 and rs3733829 are in high LD (r 2 >0.9) (Supplemental Figure 4) . Therefore, it is very likely that the block containing these genetic variations is a susceptibility region for smoking behaviors and/or smoking related diseases. However, the real causative loci still remain to be discovered with further functional studies.
Genome-wide association studies (GWAS) have greatly contributed to the identification of common genetic variants related to HCC. Recent GWAS studies focusing on HCC have reported several susceptibility regions such as 3p22.3, 6p21.33 and 14q32.11 (38) (39) . Recently, using the Affymetrix Genome-Wide Human SNP Array 5.0, Zhang and colleagues have conducted the first HCC GWAS study within chronic HBV carriers of Chinese ancestry and identified a new HBV-mediated HCC susceptibility region (40) . Intriguingly, with the same ethnic group, SNPs (eg.
rs2644898) that have high LD with rs10680577 has not been captured in their study.
This could be explained by the fact that according to data file of Affymetrix SNP Array 5.0 used in the study by Zhang et al (40), rs2644898 was not included in the GWAS chips.
Finally, some limitations in the study should be addressed. Although we observed a strong correlation between rs10680577 and expression of RERT-lncRNA, even between expression of RERT-lncRNA and EGLN2, how genetic variability at this locus can influence RERT-lncRNA and EGLN2 expressions still need to be fully elucidated both at genetic and functional levels.
In summary, we have provided initial evidence that rs10680577 may play a functional role in regulating the expression of RERT-lncRNA and subsequently affecting the production of EGLN2 and development of HCC. Furthermore, we provide the first experimental evidence of the correlation between rs10680577 and RERT-lncRNA expression, highlighting that the genetic variations within lncRNAs may act as key -21 - functional elements in modulating structure and expression of lncRNAs. Finally, we propose a hypothesis that EGLN2 might play a role in HCC tumorigenesis, depending on individuals' distinct sensitivity to hypoxia caused by different genetic background.
Therefore, EGLN2 may be a promising marker for personalized diagnosis and therapy of HCC. 
